This study aimed to evaluate the relationship between P a O 2 /FiO 2 ratio and extravascular lung water in septic shockinduced acute respiratory distress syndrome in a prospective observational clinical trial.
Acute respiratory distress syndrome (ARDS) is characterized by diffuse pulmonary infiltrates, hypoxaemia, low respiratory system compliance and the need for high positive end-expiratory pressure (PEEP) 1 . Although significant progress has been made in understanding the pathogenesis of the disease, clinicians and researchers remain in constant pursuit of the process, monitoring and treatment of this syndrome.
The leading problem in ARDS is severe hypox-aemia and monitoring oxygenation is therefore pivotal. The P a O 2 /FiO 2 ratio has proved to be a sensitive marker of respiratory dysfunction in several studies especially in describing the degree of intrapulmonary shunting [2] [3] [4] . The main strategies in restoring satisfactory oxygenation are based on increasing the inspired oxygen fraction and increasing PEEP, most often by applying mechanical ventilation, which unfortunately itself can cause further lung injury. The most common approaches to protect the lung from injuries caused by baro-or volutrauma are the application of low tidal volume ventilation and the open lung concept 5, 6 . However, the precise mechanism underlying the abnormal gas exchange in ARDS has not been fully established. The importance of extravascular lung water (EVLW) often referred to as interstitial or noncardiogenic pulmonary oedema has long been in the focus of interest. During severe sepsis and inflammation, microvascular damage in the lungs may lead to Anaesthesia and Intensive Care, Vol. 32, No. 2, April 2004 generalized capillary protein and water leakage into the interstitial space, thereby increasing the EVLW. Several attempts have been made to quantify EVLW. Despite its importance little is known about the relationship between the P a O 2 /FiO 2 and EVLW 6 . In two recent studies it has been suggested that the EVLW may be a marker of lung injury and fluid management based on EVLW measurements could be beneficial to the critically ill 7, 8 . The effects of different ventilation strategies have mainly been addressed in animal studies, with contradicting results regarding the effect of PEEP on EVLW 9-12 . In these experiments, pulmonary artery catheter together with the double indicator method were used. More recently the introduction of a less invasive single transpulmonary arterial thermodilution technique (PiCCO) made the assessment of EVLW easily available at the bedside 13 . The accuracy and reproducibility of this method has been successfully compared to the data obtained using the pulmonary artery catheter in recent clinical studies 13 .
Our objective was to evaluate the relationship between the P a O 2 /FiO 2 and EVLW in a group of patients suffering from ARDS due to septic shock.
MATERIALS AND METHODS
Following local Ethics Committee approval, written informed consent was given by the patients' next of kin, as all patients were sedated and mechanically ventilated. Between January 2001 and February 2002, 23 consecutive patients with acute lung injury (ALI)/ARDS due to septic shock were enrolled. All patients had to fulfil the following criteria of severe cardiovascular and respiratory system failure: 1. Early reversible septic shock. Septic shock as defined by the American College of Chest Physicians/Society of Critical Care Medicine Consensus Conference (i.e. signs of sepsis and prolonged systolic hypotension of <90 mmHg for >1 hour, despite adequate fluid resuscitation without inotropic support) 14 . "Early" was defined, as time from diagnosis of septic shock to study entry <24 hours. "Reversible" meant that patients had to become stable as a response to inotropic and vasopressor support as monitored by invasive haemodynamic measurements within a few hours. 2 . Patients were eligible if they required mechanical ventilation for the acute onset of P a O 2 /FiO 2 <300 and Lung Injury Score (LIS) ≥ 1.5 1 . 3 . Apart from cardiorespiratory failure patients had to be free of other system failure such as renal, hepatic, and haematological impairment as indi-cated by organ dysfunction scores <2 as determined by the MODS 15 . Exclusion criteria included age <18 years, participation in other ALI/ARDS trials within 30 days, pregnancy, morbid obesity (BMI >35), increased intracranial pressure, neuromuscular disease that could impair spontaneous breathing, chronic heart failure (New York Heart Association Class IV), severe chronic respiratory disease, acute or chronic renal failure requiring renal replacement therapy, biopsy proven cirrhosis, portal hypertension, immunodeficiency, sickle-cell disease, insulin-dependent diabetes mellitus.
All patients were sedated with propofol and fentanyl as required. None of the patients were paralysed with muscle relaxants. Patients received mechanical ventilation in a pressure-controlled mode, and positive end-expiratory pressure was adjusted individually according to blood gas values. If P a O 2 ≤ 80 mmHg or SaO 2 ≤ 94%, PEEP was increased up to 15 cmH 2 O in 2.5 cmH 2 O increments and then the FiO 2 was elevated up to 80%. If oxygenation remained unsatisfactory, PEEP was further increased to 20 cmH 2 O and the FiO 2 was then increased to 100%.
The trial period started following the placement of the arterial thermodilution catheter. Measurements were done eight-hourly for 72 hours (t 1-9 ). Haemodynamic parameters were determined by arterial thermodilution, for which a flexible 4-French catheter with an integrated thermistor (Pulsiocath 4F, PV 2014L16A, Pulsion Medical Systems, Munich, Germany) was introduced via the femoral artery in each patient. Intrathoracic blood volume (ITBV) and EVLW measurements were obtained by central venous injection of a 10 ml bolus of 0.9% saline <10°C. The mean value of three consecutive measurements was used for analysis. For interindividual comparison, absolute values for ITBV and EVLW were normalized as indexed by body surface area (ITBVI, normal range: 850-1000 ml/m 2 ) and body weight (EVLWI, normal range: 5-7 ml/kg), respectively. All injections were made manually and not synchronized with the respiratory cycle. The cardiac index (CI), the stroke volume index, and the systemic vascular resistance index (SVRI) were recorded.
For fluid resuscitation, Hartmann's solution and hydroxyethyl starch was used as indicated by haemodynamic parameters. For inotropic support, dobutamine was administered up to 20 µg/kg/min to increase cardiac index above 2.5 l/m 2 and noradrenaline was added to increase systemic vascular resistance and mean external pressure above 60 mmHg.
Along with each haemodynamic measurement arterial blood gases were checked.
On trial entry, then daily (t 1 , t 2 , t 3 ), full blood count, serum bilirubin, creatinine and albumin levels were determined by routine methods.
The multiple organ dysfunction score (MODS) was used to monitor the patients' clinical progress as designed by Marshall et al 15 . The scores were obtained on trial entry, then daily during the first three days of septic shock (t 1, 2, 3 ). Multiple organ failure was defined as average MODS of 4 or greater.
STATISTICAL ANALYSIS
All data are presented as mean±SD. To test normal distribution the Kolgomorov-Smirnov test with the Lilliefors modification was used. Analysis of variance (ANOVA) was used for testing the significance levels between the different groups, and ANOVA for repeated measures was used for testing significance levels between the measurement stages. To investigate the relationship between the observed variables, multiple regression test was performed. For statistical analysis the Statistical Program for Social Sciences (SPSS® version 10.0) software for Windows was used. Statistical significance was considered at P<0.05.
RESULTS
Of the 23 patients studied all survived the study period of three days. Demographic data are summarized in Table 1 . The MODS did not change significantly during the three days of observation, and the lung injury score indicated moderate to severe lung injury ( Table 1) .
With respect to haemodynamic variables, the CI, SVRI and the ITBVI which indicates preload were in the normal range as a result of successful fluid resuscitation ( Table 2) . Patients had significantly higher EVLW Index (EVLWI) compared to normal values at every assessment point ( Table 2 ). Moderately high PEEP levels were applied during the study period.
In a multiple regression analysis using the enter method a significant model emerged (F 2,170 =22.941, P<0.001, Adjusted R square=0.205) and showed significant connection between EVLWI and P a O 2 /FiO 2 ratio (r= -0.216, P=0.002) and also between EVLWI and PEEP (r=0.405, P=0.001) (Figures 1 and 2) .
In a post hoc analysis the sample was divided into a 198 T. SZAKMANY, Z. MOLNAR, P. HEIGL "low" and into a high "PEEP" group. The cut-off point was the applied median PEEP (10 cmH 2 O) in the whole sample. Neither the oxygenation, nor the driving pressure or the P a CO 2 differed significantly, but the EVLW was significantly greater when "high" compared to "low" PEEP was applied (Table 3 ).
DISCUSSION
The main results of this study are to show a significant negative correlation between the EVLW and the P a O 2 /FiO 2 ratio, and a significant positive correlation between EVLW and PEEP.
EVLW measurement in ARDS
Although the diagnosis of interstitial pulmonary oedema is made frequently in intensive care, it is often difficult to assess its severity at the bedside. Whilst measurements of compliance, oxygenation and chest radiographs may be sensitive indicators of lung pathology, they lack specificity for pulmonary oedema 16 . The gold standard for oedema measurement at all times is the gravimetric method, but this cannot be applied in the clinical setting. With the development of the COLD (C-circulation, O-oxygenation, L-lung water and liver function, D-diagnosis) system applying a double-indicator method, and later the introduction of a less invasive monitor (PiCCO), assessment of EVLW has become a test available at the bedside 13 . Evidence to support the importance of EVLW measurements in intensive care emerged from the 1980s. Eisenberg and co-workers examined 48 critically ill patients and found that an EVLWI greater than 14 ml/kg was associated with an increased mortality of (87% vs 41%) 7 . A few years later Mitchell and colleagues reported in a prospective randomized trial of 101 intensive care patients, that EVLW guided fluid therapy reduced the need for mechanical ventilation and length of ICU stay in days as compared to the control group 8 . These data were amongst the first supporting the routine measurement of EVLW in the fluid management of patients in ARDS.
EVLW and oxygenation
Our data provides further evidence to the importance of assessing lung water in ARDS as we found significant negative correlation between the P a O 2 / FiO 2 and the EVLW. Earlier clinical studies have shown a rather poor correlation between lung water measurements and arterial oxygenation 17, 18 . The lack of correlation was explained by two reasons. The first was that oedema accumulates in the alveolar septa due to the anatomical arrangement and therefore it does not interfere with the diffusional path of oxygen 19 . The second factor suggested was extensive pulmonary vascular occlusion, leaving inadequate time for oxygenation and also resulting in overperfusion of the remaining vessels 20 . To the authors' best knowledge there is no recent experimental data investigating the mechanism of oxygen uptake in the lungs in ARDS, therefore it is difficult to challenge this hypothesis on the basis of current evidence. However, there has been a great amount of research regarding lung protective ventilation and the open lung concept 6 . Currently published results on lung recruitment and determining "optimal" PEEP has significantly changed our thinking of these topics. It has recently been shown in an animal experiment and in a clinical trial using CT imaging, that given enough pressure in severe lung injury, virtually the entire lung was recruitable 21, 22 . These findings may provide an explanation of our results of significant correlation between P a O 2 /FiO 2 and the EVLW: as it has been suggested previously, interstitial oedema may not interfere with oxygenation directly, but it might play an important role in the development of alveolar collapse, therefore indirectly affecting oxygenation.
EVLW and PEEP
In order to gather more support to this theory, we performed a post hoc analysis by cutting the sample at the median PEEP of 10 cmH 2 O applied in the study, hence creating "low" and "high" PEEP groups. Ventilation did not show a significant difference between the two groups as indicated by the P a CO 2 values, and the required pressure amplitude to achieve this alveolar ventilation was also similar. The P a O 2 /FiO 2 ratio was also similar (Table 3 ). However, the EVLW was significantly higher in the "high" PEEP group.
There are several clinical studies, which have examined the effect of PEEP and low tidal volume on EVLW [9] [10] [11] [12] 23, 24 . Improvement in oxygenation is a wellknown effect of PEEP, but there is controversy about its effect on EVLW. There are experimental studies on animals reporting fewer histological lesions and less pulmonary oedema when ventilated with PEEP as compared to controls ventilated without PEEP 11, 12, 24 . Others found no benefit to EVLW from its employment 9, 10, 23 . In one of the first animal studies on this subject, Peitzman and colleagues measured the response of EVLW to different levels of PEEP in oleic acid induced lung injury 10 . They found constant increased EVLW on 10 and 15 cmH 2 O of PEEP at the same time that a statistically significant increase in P a O 2 was noted. They concluded that the mechanism by which PEEP improves oxygenation does not appear to be mediated by its effects by driving water from the lung. They also supported the concept that PEEP increases the number of ventilated alveoli. A recent paper by Hirakawa and coworkers reported similar results 23 . After inducing lung injury, animals were randomized into zero-PEEP (ZEEP) and a PEEP of 10 cmH 2 O groups. All animals in the ZEEP group died within three hours and the EVLW had a tendency to increase, whilst those in the PEEP group showed improved oxygenation, but the EVLW remained unchanged. They suggested that the effect of PEEP on pulmonary oedema appears to be due to opening collapsed alveoli, rather than decreasing EVLW. In our study, if it was PEEP that caused increased EVLW, then one would expect worse compliance as indicated by higher P a CO 2 , and/or higher pressure amplitude in the "high" PEEP group. However, our study was not designed to answer this question, therefore it certainly has to be evaluated in a prospective trial.
Conclusion
In this prospective observational study we found significant positive correlation between EVLW and P a O 2 /FiO 2 . The hypothesis that high EVLW may play a part in the development of alveolar atelectasis, which in turn has to be compensated by increased PEEP levels, has to be tested in a prospective study.
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